Abstract
Introduction
Halftoning is an important process to convert a continuous-tone image into a binary image [6] that eye perceives as a continuous-tone image. This process is necessary when printing a monochrome or color image by a printer with limited number of ink colors. It is required to generate a binary image that reproduces the tone and the details of the original gray scale image. Many kinds of halftoning methods have been proposed: screening, error diffusion, and search-based iterative methods. In screening, the binary value of the halftone image is obtained by comparing pixels values of the continuous-tone image with the corresponding threshold values [1] . In Error Diffusion [4, 11, 15] , the pixelby-pixel comparison with a threshold is also required, but after a pixel is binarized, the rounding error is propagated to its unprocessed neighboring pixels according to some fixed ratios. Search-based iterative methods [2, 6, 7, 13, 14] are to find the best values of binary pixels which can minimize a perceived error between the continuous-tone image and the halftone image. The Direct Binary Search (DBS) [2, 13, 14] is one of the search-based iterative methods, which generates good quality binary images.
Digital watermarking is to embed messages into digital contents (audio, video, images, text) which can be detected or extracted later. One role of digital watermarking is to embed copyright information of the content which is supposed not to be visible, but can be retrieved by electronic devices [9] [16] . Another role of digital watermarking is known as steganography, which hides messages in content without typical citizens or public authorities noticing its presence, and just special recipients can decode the hidden messages.
Many methods for digital watermarking via halftone images have been proposed. One kind of these methods is to embed an invisible watermark into a halftone image and the hidden information can be extracted with some special procedure. Goldschneider and Riskin [5] proposed an embedding method using scalar quantizers or vector quantizers to embed a low bit-depth halftone image into a higher bitdepth halftone image. Also the hidden image can be extracted from the higher bit-depth image simply by masking some bits off. Baharav and Shaked [3] used a sequence of two different dither matrices to hide watermark into images in halftoning process. And the order of the used matrices is the binary representation of the watermark. Wang and Knox [12] embedded digital watermark in halftone screen. When this screen is used to halftone an image, the watermark is embedded in the image automatically. Kacker and Allebach [8] divided images into blocks and in each block got DCT coefficients, and watermark is hidden depending on the magnitude of the DCT coefficient. After that, the watermarked image is halftoned using the Direct Binary Search. The above watermarking ways hide information in a single image and the hidden information should be extracted by corresponding decoding ways.
Another kind of digital watermarking methods is to embed information in two or more than two halftone images. And when these halftone images are overlapped, the embedded visible pattern appears. Soo-Chang Pei [11] proposed such a kind of method by applying the regular error diffusion and the proposed noise-balanced error diffusion to the unwatermarked part and the watermarked part respectively of a gray scale image, and we can see the watermark when this halftone image is overlapped with another halftone image obtained from the same gray scale image using just the regular error diffusion. But the hidden visible patterns were just reproduced in black areas and didn't contain enough details, so they cannot take enough information.
The main contribution of this paper is to present a DBS-based halftoning method for three images of Our second contribution is to extend our DBS-based halftoning method to hide one image into more than two images, and to hide more than one images into more than two images. This paper is organized as follows. Section 2 reviews the Direct Binary Search (DBS) method and presents the idea behind our halftoning method. Section 3 shows our DBS-based halftoning algorithm. Section 4 gives our experiment results. Section 5 extends our halftoning method to generate more than three binary images. Section 6 offers concluding remarks.
Halftoning and Image Hiding
Suppose that an original gray scale image Although we assume that images are square for simplicity, it is easy to generalize them to non-square images. The goal of halftoning is to find a binary image 
and the total error is defined by 
The idea of DBS is to find a binary image ' A which can make the ( , '') Error A A sufficiently small. For this purpose, the DBS repeats improvement of binary image '
A . ' C if these transparent sheets are pasted together.
Our DBS-based Algorithm
The main purpose of this section is to show our algorithm that generates three binary images ' A , ' B and ' C satisfying Conditions 1 and 2 for given original gray scale images A, B and C . Our algorithm consists of two steps as follows:
Step 1 Adjust the intensity levels of original gray scale images A , B and C .
Step 2 Using our new DBS-based technique, generate three binary images ' A , ' B and ' C from adjusted gray scale images of A , B and C.
Adjusting Intensity Levels of Original Gray Scale Images
We will show how the intensity levels of original gray scale images are adjusted. Let R be a small region of m pixels in an n n 
Using an Error-Diffusion-Based Algorithm for Generating Three Binary Images
In this section we show our halftoning method based on Direct Binary Search (DBS). We assume that the intensity levels of three original gray scale images have been adjusted using the linear conversion in the previous section. Let 
We selected a 3-tuple value
for the three pixels of images A , B and C at the same location that minimizes the sum of the total errors. This process is repeated on each 3-tuple pixel in raster order until no more improvement is possible for the whole three images.
Experimental results
In this section we give a set of our experimental results of hiding an image in two distinct images. 
Our DBS-based Halftoning Method for Generating More Than Three Binary Images
The main purpose of this section is to extend our halftoning method to generate more than three binary images for hiding one image into 
